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Nanocoating, the covering of materials with a layer on the nanometer scale, or covering
of a nanoscale entity, to form nanocomposites and structured materials using the sol—gel
process is reviewed. Templates from spherical nanoparticles to complex bicontinuous
networks are discussed where either the coated material or the structured inorganic hollow
frame resulting after removal of the template are of interest in fields of application ranging
from information storage to catalysis. The sol—gel procedure allows coating of templates
with complex shapes on the micrometer to nanometer scale, which some commonly used
coating procedures cannot achieve. In addition, sol—gel coating techniques can be applied
to delicate systems without disruption of their structure or functionality, for example, the
coating of biocomplexes or organic aggregates, such as organogelators. Three-dimensional
structures with elaborate pore architectures, such as polymer membranes and gels, can also
be infiltrated with sol—gel solutions to achieve nanocoatings.

1. Introduction

The sol—gel process involves inorganic precursors (a
metal salt or organometallic molecule) that undergo
various reactions resulting in the formation of a three-
dimensional molecular network. A common example is
the hydrolysis and condensation reactions of metal
alkoxides to form larger metal oxide molecules:

Hydrolysis:
M(OR), + H,0 — HO—M(OR); + ROH --+-—
M(OH), + 4ROH

Condensation:
(OR);M—OH + HO—M(OR); —
(RO);M—0O—M(OR); +H,0O

(OR);M—OH + RO—M(OR), —
(OR);M—O—M(OR), + ROH

where M represents the metal and R the alkyl group. A
comprehensive overview of the sol—gel process can be
found in the book by Brinker and Scherer.!

Coating is simply the act of covering a material with
a layer; hence, nanocoating is either to cover with a
layer on the nanometer scale or to cover a nanoscale
entity. A nanocomposite is comprised of a combination
of two or more different substances of nanometer size,
thereby producing a material that generally has en-
hanced or specific properties due to the combined
properties and/or structuring effects of the components.
The material on which the coating is made, which
therefore influences the structure, is called the template.
The template can be removed from the composite

* To whom correspondence should be addressed. E-mail: Rachel.
Caruso@mpikg-golm.mpg.de. Fax: +49 331 567 9502.

10.1021/cm001257z CCC: $20.00

material, leaving a substance with interesting structural
properties.

A differentiation between coating and casting must
be made, as is depicted in Figure 1. The process of using
a template to make a reverse replica or even a replica,
with similar overall morphology to the mold itself, is
called casting. Sol—gel processes are often used in
casting techniques for the formation of hybrid materials
as well as ceramics with controlled morphology after
removal of the template. Because this review focuses
on nanocoating, this related technique of casting is not
discussed further, but the interested reader is referred
to the literature.?~20

Materials are coated for a number of reasons: Coat-
ings can make a substance biocompatible, increase a
material’s thermal, mechanical, or chemical stability,
increase wear protection, durability, or lifetime, de-
crease friction or inhibit corrosion, or change the overall
physicochemical and biological properties of the mate-
rial. There are numerous coating procedures that are
widely used including vapor deposition, plasma-assisted/
ion-beam-assisted techniques, chemical reduction, pulsed
laser deposition, mechanical milling, magnetron sput-
tering, self-assembly, layer-by-layer coating, dip coating,
sol—gel coating, TUFT (tubes by fiber templating)
process,?! and electrochemical deposition. The majority
of these techniques is preferentially used to coat planar
substrates. However, when more complex shapes re-
quire coating, and when these materials are on the
nanometer to micrometer scale, many of the aforemen-
tioned techniques have serious drawbacks. In this case
the sol—gel process, which can be carried out in solution,
is attractive.

Coating in solution is generally performed using
either precursor molecules or preformed particles to
form the layer. Electrostatic interactions, hydrogen
bonding, and covalent bonding are some of the associat-
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Figure 1. Schematic showing the following: (a) the initial
template; (bl) coating of the template; (b2) casting of the
template; (c1) and (c2) the material that remains after the
removal of the template.

ing forces between the coating and the material being
coated. Coating procedures that begin with preformed
nanoparticles as the coating material can be found in
refs 22—30.

This article will review recent sol—gel coating proce-
dures applied to nanomaterials. Beginning with colloid
nanoparticle templates (part a in Figure 2), which are
(unidimensional) nanoscaled along all axes, to elongated
objects (nanoscaled in two dimensions and sometimes
micrometer-scaled in the third) such as carbon nano-
tubes, fibers, and crystals (part b in Figure 2), and then
bicontinuous nanostructured networks (part ¢ in Figure
2) such as polymer gels. Although a broad overview of
different templates is given, it is not an exhaustive
compilation of the literature.

An attractive supplement to the formation of nano-
composites is the interesting structures that can be
obtained upon removal of the initial template, such as
hollow spheres, hollow fibers, and three-dimensional
hollow frames (scaffolds). These porous structures will
also be discussed as they are found to have applica-
tions as catalysts and supports and in separation
technology.

2. Colloid Particles

Colloid particles are often coated to alter the surface
properties of the particles, such as adding a specific
charge or functionality, thereby changing or having an
influence on their stability. Such coatings can widen the
areas of application or enhance the use of particles in
certain areas.
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Figure 2. Schematic that shows from left to right the initial
template, the coated composite material, and then the hol-
low inorganic structures formed upon removal of the template
for (a) nanoparticles, (b) crystals, and (c) bicontinuous net-
works.

2.1. Inorganic Particles. Monodisperse silica spheres
with magnetic cores were formed by silica precipitation
from an aqueous sodium silicate solution onto magnetite
nanoparticles.3 Magnetite particles have an isoelectric
point of pH ~ 7, hence, colloidal stability is problematic
in aqueous solutions around neutral pH, making silica
coating favorable for reasons of stability. Coating with
silica lowers the isoelectric point to ~3, thereby increas-
ing the aqueous ferrofluid stability at near neutral pH.
Also, in nonaqueous solutions aggregation can occur,
and a chemically bound, hence nondesorbing, surface
layer can prevent aggregation. To achieve this coating,
a silicate solution was mixed with tetramethylammo-
nium hydroxide stabilized magnetite particles (diameter
of ~10 nm) and slowly titrated with HCI to a pH of 10.
After dialysis and centrifugation to remove soluble
sodium silicates and aggregated magnetite particles, the
coated particles had an isoelectric point of pH = 3.3,
and elemental analysis demonstrated the presence of
silicon from which the film thickness of 0.5 nm was
estimated. Further coating was achieved by dispersing
these thinly coated particles in ethanol, ammonia, and
tetraethoxysilane (TEOS) and stirring for 1 day at 20
°C. This seeding procedure gave particles with a final
diameter of 68 nm, containing single magnetite cores.
Further surface modification of the coated particles with
((3-methacryloxy)propyl)trimethoxysilane or octadecyl
alcohol afforded coated magnetite particles that were
dispersible in organic solvents.

Silica coatings have been achieved on gold nanopar-
ticles, Au@sSiO,, not only to stabilize the particles but
also to modulate their optical properties.3? (Liz-Marzan
et al. introduced the Au@SiO, nomenclature to signify
gold cores coated with a silica shell.) Gold particles (15
nm in diameter) prepared by citrate reduction of HAuCl,
were coated with (3-aminopropyl)trimethoxysilane, which
complexed via the amine groups to the gold surface,
displacing the previously adsorbed citrate ions. The
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formation of just a monolayer of this primer layer was
important to prevent flocculation of the particles. Upon
the addition of a sodium silicate solution to the sol, the
silanol groups of the primer layer then acted as anchor
points for the formation of a thin silica layer (2—4 nm)
around the particles. Figure 3a shows a transmission
electron microscopy (TEM) image of the thin layer
formed 42 h after the addition of the silicate. The coated
particles could then be transferred into ethanol or
ethanol/water mixtures to increase the silica layer
thickness by the slow condensation of TEOS, as seen
by TEM in Figure 3b,c. This procedure has been adapted
for the coating of CdS nanoparticles, CdS@SiO,, by the
use of a 3-(mercaptopropyl)trimethoxysilane primer
layer.3® Contrary to the citrate stabilized cadmium
sulfide particles, which photodegrade through photo-
chemical oxidation, the presence of the silica coating
suppresses oxidation.

Because of the control of the silica shell thickness,
which allows tuning of the intercore distance in dense
films, these core/shell materials can be used for the
construction of ordered two- and three-dimensional
assemblies with special optical properties.3* Thin films
of coated nanoparticles have been formed with con-
trol over the intercore distance.3*36 The optical effect
due to the controlled coupling of the nanoparticle dipoles
of Au@SiO; with different silica-coating thickness is
demonstrated by the variation in film color in Figure 4.
The silica shells have been shown to be porous by the
addition of iodine, a strong oxidant, to silica-coated (10-
nm-thick) silver particles, Ag@SiO,: Oxidation of the
silver to silver iodide deposited outside the shell was
monitored and observed by absorbance spectroscopy and
transmission electron microscopy, respectively.®” Hollow
silica nanocapsules could be formed by exposing silica-
coated (10-nm-thick) gold particles to cyanide.3’

The primer layer is not always necessary for the
coating of metal particles with metal oxides; 15-nm gold
particles were coated by adding fresh sodium stannate
to a gold sol at pH 10.5.38 The tin dioxide deposited on
the gold surfaces as 1-nm nuclei, which upon heating
produced stable cassiterite-coated gold particles,
Au@SnO,. These coated particles have been shown to
have advantageous capacitor properties over noncoated
gold particles. Because of the large difference between
the Fermi levels of the core and shell, such particles
have potential applications as electron storage and
electronic circuit components. Titanium dioxide-coated
silver nanoparticles, Ag@TiO,, were produced in a one-
pot procedure by refluxing a mixture of titanium bu-
toxide and acetylacetone in ethanol and silver nitrate
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Figure 4. Photographs of dense Au@SiO; films with 15-nm-
diameter core gold particles and different shell thicknesses.
The top left film is a sputter-coated gold film. The next two
bluish films are formed from gold sols that have sodium citrate
(0.5 nm) and sodium mercaptopropionate (1.0 nm) shells; the
other films utilize gold colloids with silica shells having
thicknesses 1.5, 2.9, 4.6, 12.2, and 17.5 nm. The shell thickness
controls the dipole coupling between particles and hence the
color of the film. Reprinted with permission from ref 34.
Copyright 2000 The Royal Society of Chemistry.

in N,N-dimethylformamide and H,0.3° Thin films of
these coated particles are formed, and even in this close-
packed configuration, the nanoparticles remain electri-
cally insulated as the surface plasmon band of the
coated silver particles in the layers remained the same
as that of the sol.

Silica was also coated on nanosized silver particles
using the Stéber method*® without surface pretreat-
ment.*! The silver sol was diluted with 2-propanol before
the addition of water and ammonia. Once the temper-
ature had stabilized at 40 °C, TEOS was added rapidly
and the reaction continued for varying periods of time.
Smooth, homogeneous coatings were achieved after 2 h
with the silica layer thickness increasing to 80 nm.



Reviews

Granular or smooth coatings were obtained, depending
on reactant concentrations.

A different approach that makes use of a microemul-
sion reaction matrix for the formation of coated nano-
particles has also been documented. Copper, silver, and
cadmium sulfide particles have been coated with silica,
and cadmium sulfide also with titania, by hydrolysis and
condensation of the respective alkoxide precursor within
the microemulsion matrix.2 In these examples the
nanoparticle formation as well as the coating procedure
are performed within the microemulsion. Taking the
coated silver as an example, the formation of the silver
nanoparticles in the microemulsion droplets gave some
control over the size of the particle by varying the water/
surfactant ratio.*® The water to TEOS ratio influenced
the thickness of the SiO, coating. The silica-coated silver
particles are monodisperse and spherical with diameters
between 25 and 30 nm. However, some nonfilled silica
particles were also produced. Optical electronics is a
potential area of application for the coated metal and
metal sulfide particles.

Silica coatings on larger colloids have also been
obtained. Titania (diameter, 1 um) and zirconia (100 nm)
colloids were coated by hydrolysis of tetramethoxysilane
in ethanol/ammonia solutions, giving a silica coating
thickness of 25 and 10 nm, respectively.** These coated
particles were used as traceable mineral colloids for
transport experiments.

Matijevi¢ and co-workers fabricated humerous com-
binations of submicrometer-sized core/shell particles,
with the core material varying in morphology from
spherical to elongated. Spindle-shaped hematite was
coated by zirconium hydrous oxide by aging zirconium
sulfate solutions in the presence of formamide and
preformed hematite at 70 °C for 2 h.#> Manipulation of
the layer thickness was achieved by changing the
concentration of core particles and coating solution. The
addition of formamide, which upon heating decomposes
to release NH4" ions, increased the pH, enhancing
hydrolysis. The initial zirconium hydrous oxide coating
was amorphous, but upon heating tetragonal zirconium
dioxide was formed. Hematite cores were also coated
with yttrium carbonate,*® chromium hydrous oxide,*”
silica,*® and manganese compounds.*®

Titania coatings on monodisperse silica particles were
obtained using a titanyl sulfate precursor in sulfuric
acid.® Coating uniformity was dependent on solution
pH, the concentration of silica powder, the rate of titanyl
sulfate addition, and the total reaction volume. Two-
step processes, involving the double addition of the
titanyl sulfate solution with filtration between, in-
creased the coating layer thickness and uniformity and
prevented particle aggregation. Zinc oxide cores®! and
copper(ll) basic carbonate spherical particles® were
coated with titania layers by controlled hydrolysis of
titanium butoxide in ethanol solutions. Upon heating
of the latter, crystallization to CuO and titania (both
anatase and rutile phase) occurred. Zirconium basic
sulfate particles could also be coated with yttrium
compounds by aging solutions of the Zr,(OH)sSO,4 aque-
ous dispersions in the presence of yttrium nitrate and
urea at 90 °C for 2 h.5% Both silica-coated yttria and
yttria-coated silica have also been prepared by precipi-
tation techniques.>*
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Titania-coated silica spheres have received a lot of
attention because of their potential use in catalytic,
pigment, and photonic crystal applications. Silica mi-
crospheres (diameter, 270 nm) have been coated with
titania monolayers® using titanium tert-butoxide in
tetrahydrofuran under nitrogen and multilayers®® using
titanium n-butoxide in ethanol. Coating thicknesses of
submonolayer to 7 nm of amorphous titania were
achieved; upon calcination, polycrystalline anatase coat-
ings were found. Control of precursor and water con-
centrations was essential for preventing precipitation
of titania particles and aggregation of the coated
particles. Developing this process to a multistep method
on larger monodisperse spheres (diameter, 550 nm) gave
a coating thickness of 46 nm after five repeated deposi-
tion steps.%’

Micrometer-sized iron particles were coated with
silica by hydrolysis of TEOS after priming of the surface
with gelatin.® The iron particles were first heated at
80 °C in a 1% aqueous solution of gelatin until the
solvent evaporated and the system dried, and then it
was aged at 120 °C for 24 h before being added with
ammonia and water to 2-propanol at 20—40 °C and
stirred for 1 h. TEOS was added and the sample aged
for 1—24 h. The gelatin interacts through both nitrogen
and oxygen with the iron particle surface and binds to
the silica. Thicknesses of 20—100 nm could be achieved.
This silica coating increased the temperature of oxida-
tion of the iron particles from 330 to 400 °C.

2.2. Polymer Spheres. Polymer spheres have been
coated with a variety of inorganic materials. As polymer
spheres are accessible with low size distribution and in
a variety of compositions, they are attractive templates.
Coatings are commonly applied with the intention to
remove the core; that is, the organic material is often
used as a sacrificial template to form structured inor-
ganic materials such as hollow spheres.

Matijevit and co-workers have modified their coating
procedure for inorganic templates to coat polymer
spheres. Basic yttrium carbonate layers were deposited
onto polystyrene (PS) latex by the addition of yttrium
nitrate, urea, and poly(vinylpyrrolidone) (PVP) and
aging at 90 °C for 2 h before quenching in cold water.5°
The yttrium carbonate layer coating the PS particles
can be seen in the transmission electron microscopy
image in Figure 5. To prevent precipitation of yttrium
carbonate, the ratio of core to yttrium nitrate had to be
controlled. The yttrium carbonate was found to coat
positively charged latex but not negatively charged
latex. Control of the thickness and morphology of the
layers depended on the reactant concentrations, aging
time, and temperature. Aging both cationic and anionic
PS latex in the presence of zirconium sulfate, forma-
mide, urea, and PVP led to zirconium compound coat-
ings on the latex particles.®® A suggested mechanism
was the heterocoagulation between the latex spheres
and in situ precipitated inorganic particles. Calcination
of the hybrid gave hollow inorganic spheres.

As most metal alkoxide precursors rapidly undergo
hydrolysis and condensation in the presence of water,
coating in nonaqueous solvents is preferable. Amor-
phous titanium dioxide coatings on PS particles have
been achieved by the hydrolysis of titanium tetrabu-
toxide by working in ethanolic solutions.®! Seeded
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Figure 5. Yttrium carbonate coating on cationic polystyrene
particles. Reprinted in part with permission from ref 59.
Copyright 1990 Academic Press.

polymerization of TEOS on the surface of 2.3-um
polystyrene spheres (as well as free silica particle
formation) has also been attained.5? After centrifugation
and drying, the coating step could be repeated. An
increase in the silica nanoparticle (30—40 nm in diam-
eter) coating from 7.8 to 18.5% (w/w) was obtained after
one and three coatings, respectively. Bamnolker et al.52
formed noncontinuous coatings consisting of crystallized
Fes;0,4 nanoparticles (30—40 nm) on the microspheres
by increasing the pH of an iron chloride tetrahydrate
aqueous solution in the presence of sodium nitrite at
60 °C under Nj. During the coating the microspheres
became brown-black in color. Silica coating of these iron
oxide-coated PS particles added stability to the iron
oxide coating as leaching occurred at high and low pH.
Hollow silica and magnetic silica spheres could be
obtained after calcination. Such hollow materials may
be of importance to areas such as fillers, pigments, and
ultrasonic contrast agents.

Macroporous materials prepared by infiltrating col-
loidal crystals of either polymer or silica spheres with
precursor molecules or nanoparticles have lately re-
ceived attention.53-70 The formation of such macropor-
ous materials are not further considered here as
they generally yield either incompletely coated indi-
vidual spheres (thereby producing windows where the
spheres come in contact) or a cast of the colloidal crystal.
Zhong et al., however, have used colloidal crystals to
coat individual polymer spheres.” A crystalline array
of polystyrene spheres was fabricated by drying the
latex between glass substrates. Infiltrating the crystal
with sol—gel precursor solutions leads to sphere sep-
aration, and upon exposure to air, the gel precipi-
tated, forming a homogeneous, thin coating on the
spheres. The thickness of the coating was dependent
on the concentration of the sol—gel solution. Titania
and tin oxide-coated polystyrene spheres have been
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produced using this method. The optical and electrical
properties of such materials will determine their areas
of application.

3. Crystals

Two crystal types are discussed in this section,
inorganic metal salt crystals and organic tartrate and
oxalate crystals. While the metal salt crystal yields
inorganic tubes containing metal nanoparticles, the
organic material can be dissolved or decomposed, leav-
ing inorganic tubes with the inner channel shaped by
the crystal.

3.1. Metal Salt Crystals. A novel approach to the
formation of metal oxide nanotubes containing metal
particles with high metal content has been carried out
by Hippe et al.”2 This procedure consists of the sol—gel
synthesis of silica and titania in the presence of plati-
num salt crystals. Platinum tetraammine hydrogen
carbonate precipitates in ethanol forming monoclinic
crystals that have a rectangular cross section. lon
exchange between the hydrogen carbonate and the
deprotonated silicate species as well as hydrogen bond-
ing between the amine ligands and the silicate were
assumed to take place at the surface of the metal salt
crystal, thereby anchoring the silicate to the crystal.
Upon calcination of the coated crystals at 500 °C,
decomposition of the salt and reduction of the platinum
occurred, resulting in rectangular metal oxide nano-
tubes containing platinum metal particles (Figure 6).
The inner diameter ranged from 10 to 300 nm and the
length from a few nanometers to 3 um. For the forma-
tion of platinum within titania hollow tubes nonstruc-
tured titania was also found in solution because of the
rapid hydrolysis and condensation rates of the alkoxide
precursor. Transmission electron microscopy images
showed platinum particles on the outer surface of the
tube. Optimization is required to rectify the variation
in final tube size by control of the crystal formation and
to evenly distribute the metal particles within the tubes.
Nanoelectronic devices could make use of such well-
formed nanowires.

3.2. Organic Crystals. The formation of hollow silica
tubes in aqueous solution in the presence of pL-tartaric
acid was first reported by Nakamura and Matsui.”®74
These silica tubes have been shown to form using
surface-specific sol—gel polymerization on organic crys-
tal templates.” TEOS was added to ammonium bL-
tartrate in ethanol and the solution was left standing
(30 min). Upon the addition of base, a white precipitate
was formed that consisted of flexible, smooth-surfaced,
open-ended, amorphous silica tubes with wall thick-
nesses of 30—300 nm. The tubes had a length of 200—
300 um, a width of 0.1—1 um, and inner dimensions of
200—800 nm. The tube size could be increased by adding
base to the solution prior to TEOS. The organic crystals
form upon the addition of base in ethanol solution;
therefore, the silica tubes are formed by specific deposi-
tion of the inorganic material on the external crystal
surface. The crystals, being soluble in water, were
dissolved during the condensation reactions or washing
procedure, leaving stable hollow inorganic structures
shaped by the crystal. Using the in situ formation of
ammonium oxalate crystals in water, silica tubes with
300-nm-thick walls and lengths of 50—100 um with
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Figure 6. TEM micrographs of (a) calcined SiO, nanotubes (the dark spots represent platinum particles) and (b) showing the
marked rectangular cross section of the SiO, nanotube. Reprinted with permission from ref 72. Copyright 1999 Elsevier Science.

rectangular- or triangular-shaped channels 0.7—6.5-um
wide could also be formed.”®

4. Fibers

Recently, fibers, both of inorganic and organic nature,
have been coated using sol—gel processes. Alumina and
silica—alumina fibers, diameters of 10 or 15 um, respec-
tively, have been coated with ceria by infiltrating the
fibers with a cerium nitrate solution before thermal
decomposition at 400 °C to form a cerium oxide layer.”®
The ceria layer consisted of particles 200—400 nm in
size. The coating was required to prevent sintering
between individual fibers. Synthesis of zeolite A on
cellulose fibers was achieved by immersing the fibers
in an aluminosilicate gel, which led to zeolite crystal-
lization after 4.5 h at 90 °C.”” Hydroxyl groups of the
cellulose were favorable sites for zeolite crystallization.
Such zeolite coatings would be attractive for membrane
separation applications.

Low molecular weight organic compounds that can
gel solvents at low concentrations (organogelators) have
been used to form hybrid, coated fibers and, upon the
removal of the organic material, hollow inorganic fibers.
A review of the different classes of organogelators and
their physical properties is given by Terech and Weiss.”®
Generally, the gelator is dissolved by heating it in an
organic liquid and then cooling to produce a gel- or jelly-
like material due to fibrous aggregation of the gelator.
When inorganic precursor molecules are added to the
solution, inorganic oligomers grow on the surface of the
gelator structures because of electrostatic attraction or
hydrogen bonding. Hence, the organic superstructures
that are held together by noncovalent interactions can
be permanently fixed in inorganic materials.

A novel use of such gelators for the production of
hybrid inorganic/organic fibers was reported in 199879
when the polymerization of TEOS was gelled by a
cholesterol-based molecule with quaternary ammonium
groups. The cationic groups played an essential role in

the coating procedure. The anionic silica oligomers
adsorbed onto the cationic gelator fibrils, and polymer-
ization proceeded along the fibrils. After calcination,
hollow silica fibers were formed; this was not the case
when the same cholesterol gelator without quaternary
ammonium groups was used. When a benzo-18-crown-6
containing cholesterol gelator was used during the silica
polymerization, hollow fibers were only found when high
concentrations of potassium perchlorate were added to
the reaction.8? This proved the electrostatic coupling
between template and condensing silica. By variation
of the salt concentration and the appended crown ether
(monobenzo-18-crown-6, monoaza-18-crown-6, and 1,10-
diaza-18-crown-6) on the cholesterol-based gelators,
different organogel superstructures and hence silica
structures were obtained.8182 The final silica materials
were tubular in structure with either rough, irregular
surfaces and thick walls (monobenzo-18-crown-6) or a
smooth-surfaced, thin-walled, rolled paperlike structure
(monoaza-18-crown-6 and 1,10-diaza-18-crown-6). Chiral
spiral silica could also be formed (both right- and left-
handed) when organogels consisting of chiral diami-
nocyclohexane derivatives were used as the template
during sol—gel polymerization.8384 The transcription of
“gemini”-type cholesterol-based gelator superstructures
into silica showed that the templating effect can also
occur through hydrogen-bonding interactions.8

Titania hybrid fibers have also been formed using
organogel templates, as shown in the scanning electron
microscopy image in Figure 7a. Fibrous aggregates of
trans-(1R,2R)-1,2-cyclohexane di(11-aminocarbonylun-
decyl pyridinium) hexafluorophosphate, an amphiphilic
compound containing cationic moieties, have been used
to form hollow titanium dioxide fibers.8 Calcination at
450 °C completely removed the organic compound (ob-
served from FT-IR spectra), leaving hollow titania struc-
tures. SEM showed outer diameters of 150—600 nm,
inner diameters of 50—300 nm, and maximum lengths
of ~200 um (Figure 7b) when a base catalyst was used.
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Figure 7. (a) SEM image of a dried titanium dioxide-coated gelator sample prepared under basic conditions, (b) SEM, and (c)
TEM images of the hollow fibers formed after removal of the organic material by calcination. Reprinted in part with permission

from ref 86. Copyright 2000 American Chemical Society.

The hollow, anatase phase fibers were also viewed by
using TEM (Figure 7c). There is potential for these
materials in a variety of photoelectric applications.

When N-carbobenzyloxy-L-isoleucylaminooctadecane
was used, titanium isopropoxide was gelled through
hydrogen-bonding interactions with the amine groups
on the organic compound.®’” After drying of a 3-D
network of the hybrid material, coated gelator fibers
(diameter, 300—1500 nm) were obtained. Complete
removal of the gelator is achieved by heating the hybrid
to 450 °C, resulting in TiO; fibers (diameter 200—1200
nm, that is, there is slight shrinkage during the heating
process), consisting of nanoparticles 15—30 nm in
diameter of both anatase and rutile crystal structure,
suggesting interaction of the titania oligomers with the
gelator fibers. Potential applications for these titania
hollow fibers are photovoltaics and photocatalysis.

Jung et al. have recently used vesicular aggregates
of crown-appended cholesterol derivatives in organic
solvents as templates.®8 Electron microscopy studies of
the organogel structures showed spherical vesicles with
two distinct diameters, ~200 and ~2500 nm with the
smaller vesicles being linked like a “pearl necklace”. The
shell wall is made up of multilayers about 5-nm-thick,
which can be correlated to the width of interdigitated
folded azobenzene—cholesterol bilayers. Conducting a
silica sol—gel reaction in these gel phases resulted in
spherical silica structures (both isolated large diameter
spheres, ~2500 nm, and interconnected smaller spheres,
~200 nm). After calcination and removal of the organic
material, hollow spherical structures with walls that
consist of multilayered lamella with ~5-nm spacing
were observed. This shows the preciseness of the silica
coating technique.

Porous silica networks have been formed with two
different pore sizes (several nanometers and several
micrometers).8% Here, 2,3-di-n-decyloxyanthracene was
used as the gelator in methanol; the fibrous aggregates
act as a template for the porous silica fibers while
smaller aggregates induce mesoporosity. Variation in
gelator concentration alters the mesopore diameters
from 5 to 12 nm and the pore shape from ink bottle to
cylindrical.

As in the case of the crystal templates, optimization
to form uniform diameter fibers will enhance the areas
of application of the final product by the fabrication of
single-diameter hollow materials.

Figure 8. TEM images of (a) a zirconia-coated carbon
nanotube and (b) a carbon nanotube coated with stabilized
zirconia. Reprinted with permission from ref 90. Copyright
1997 The Royal Society of Chemistry.

5. Carbon Nanotubes

Carbon nanotube templates have been used for the
production of zirconia and yttria-stabilized zirconia
nanotubes.®® The multiwalled carbon nanotubes were
heat-treated, refluxed in concentrated nitric acid, and
then reacted with zirconium propoxide in an argon
atmosphere (Figure 8). After washing and drying, the
sample was heated to 700 °C to oxidize the carbon. From
electron microscopy analysis the final inorganic materi-
als had a diameter of about 40 nm, a wall thickness of
about 6 nm, and length of several micrometers. The
zirconia was a 50:50 mix of both monoclinic and tet-
ragonal phase. Heating to higher temperatures to obtain
monophasic material resulted in collapse of the nano-
tubes. Hence, yttria was added in a modified procedure
that produced nanotubes of yttria-stabilized zirconia
(cubic phase).®°

Previous work using the carbon nanotube templates
by Rao and co-workers®! led to SiO,, Al,O3, and V,0s
nanotubes. The silica coating was obtained by stirring
the carbon nanotubes in TEOS (12 h) and then heating
initially in a vacuum at 100 °C followed by 500 °C in
air. For the Al,O3 and V,0s coatings the nanotubes were
stirred in a gel of aluminum isopropoxide and water or
a vanadium pentoxide gel, respectively. After washing
and heating (500 and 450 °C), the Al,0O3- and V,0s-
coated carbon nanotubes were obtained. Heating to 750
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°C under air oxidized the carbon, leaving nanotubes of
SiO; and Al;O3. V205 assists in oxidizing the carbon;
hence, lower temperatures (500 °C) resulted in V,0s5
nanotubes. Transistion-metal ions were added to the
silica-coated nanotubes by mixing the carbon nanotubes
in a TEOS/ethanol solution containing transition-metal
compounds. After the drying and heating procedures,
silica nanotubes with small percentages of the transi-
tion-metal oxides (Ni, Cr, Cu, or Co) were obtained.!
Coating carbon nanotubes with other oxides (WOs,
MoOs, Sh,0s, M0oO,, RuO;, and IrO,) led generally to
the formation of single-crystalline nanorods, with lengths
up to a few micrometers and diameters ranging from
10 to 200 nm, after heating in air to 500 or 700 °C.%2

6. Biomaterials

Biological materials with interesting self-assembled
structures are attractive templates for coating proce-
dures. The sensitivity of such templates to various
reaction parameters makes the sol—gel process an
appealing procedure for coating these materials.

The use of self-assembled lipids for sol—gel templating
results in ceramic rods or hollow cylinders with a
diameter of 500 nm.% Silane coating can also be used
to change the chemical nature of the tubule surface.
Diacetylenic phosphatidylcholine has been used to form
helical silica-lipid structures by simultaneous phospho-
lipid crystallization and silica polymerization.®* This
same phospholipid has been used to form silica tubes
by coating the preformed phospholipid template.®®

The tobacco mosaic virus has been used as a template
for the formation of a number of inorganic—organic
hybrid nanotubes.®® The hollow protein tube with an
inner diameter of 4 nm has outer dimensions of 300 x
18 nm and is relatively pH-stable. Hence, coating of the
virus with SiO,, CdS, PbS, and iron oxide with reaction
pHs ranging from 2.5 to 9 was possible. A thin silica
shell (3 nm) forms along the length of the outer virion
surface, and end-to-end self-assembly of the nanotubes
gave hybrid materials several times the length of the
single tobacco mosaic virus (Figure 9).

The macroporous structure of demineralized cuttle-
bone, a p-chitin organic framework, has been coated
with silica by soaking it in sodium silicate solutions at
room temperature, followed by immersion in a series of
ethanol/water mixtures and then an ethanol/ammonium
hydroxide mixture.®” The coating roughness was in-
creased by increasing the supersaturation of the silica,
and the thickness increased by increasing the level of
deacetylation in the organic matrix prior to the coating
procedure.

7. Membranes

Membranes consisting of cylindrical pores and bicon-
tinuous networks of pores have been used as templates
for the formation of hybrid materials as well as inor-
ganic tubes and porous structures.

7.1. Alumina Membranes. Anodic porous alumina
has uniformly sized, cylindrical pores with diameters
ranging from 4 to 200 nm.% With fine control of the
anodizing voltage and etching procedure during the film
formation, the pores can be arranged in a regular
honeycomb fashion.% Their structures have been used
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Figure 9. TEM image of the self-assembled silica-coated
tobacco mosaic virus superstructure. The white arrows mark
the ends of five individual TMV particles, each 300 nm in
length, that have aggregated end-to-end along with a thin
external shell of amorphous silica. Inset: Corresponding EDX
spectrum showing Si peak (Cu peaks are from TEM grid).
Reprinted with permission from ref 96. Copyright 1999 Wiley-
VCH.

as templates by numerous groups to form both tubes
and rods or aligned nanotubes or nanofibers that are
fixed to a thin layer of excess final material at one end
of the tubes/fibers.

Template synthesis using membranes with cylindrical
channels of uniform diameter has been well-studied.1%
Tubes of TiO, and ZnO have been prepared by immers-
ing alumina membranes with a thickness of 50 um and
pore diameter of 200 nm into the titania and zinc oxide
sol—gel solutions, respectively, followed by drying and
heating.19! The length of time of the immersion step (5
to 60 s) as well as the temperature (5 to 20 °C) of the
sol—gel solution influence the final structure obtained:
tubular with shorter immersion times and colder solu-
tions compared with fibers for either longer immersion
times or warmer solutions. The TiO, tubes have been
surface-activated by attaching Sn?* to the inner walls
and used to immobilize enzyme, hence opening the
possibility for bioreactor applications.1%2 Upon removal
of the alumina template, by immersion in agueous base,
the monodisperse metal oxide tubular structures with
predetermined diameter and length (dependent on the
membrane) can be collected as free individual entities
or assembled together like bristles of a brush.

7.2. Polymer Membranes. Two simple procedures
using cellulose acetate membranes and sol—gel pro-
cesses have led to the formation of titanium and
zirconium dioxide porous films.1%8 The membrane was
either soaked in the metal alkoxide precursor and then
soaked in water/alcohol mixtures for hydrolysis/conden-
sation reactions to occur or the precursor and then
water/alcohol solution were filtered through the mem-
brane. The amorphous metal oxide/cellulose acetate
membrane was then heated to remove the organic
material, leaving a film (=80 um in thickness) of a
highly porous metal oxide (Figure 10). This structure
was composed of crystalline nanoparticles, with their
size and crystal phase dependent on the initial pore size
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Figure 10. SEM images of (a) the cellulose acetate membrane
template and (b) the final inorganic (ZrO;) network formed
after sol—gel coating of the template. Reprinted with permis-
sion from ref 103. Copyright 2000 Wiley-VCH.

of the membrane, the metal alkoxide precursor used,
and the temperature of the heating process. Photovol-
taics and photocatalysis are two areas where porous
titania films could be applied.

7.3. Polymer Gels. Polymer gels are materials with
similar bicontinuous structures to polymer membranes
and have also been used as templates. Polymer gels can
be tailored in a wide range with respect to their pore
size/structure, overall structure/morphology, functional-
ity, and physical properties.104.105

Sol—gel processes within polymer gels have led to the
formation of hybrid inorganic/organic monoliths: The
amorphous metal oxide coated the polymer gel surfaces,
and upon removal of the polymer a highly porous, “coral-
like” titanium dioxide network remained.1% The pore
size, when an acrylamide/glycidyl methacrylate polymer
gel template was used, ranged from 100 nm to mi-
crometers in diameter, and the coating thickness was
100—150 nm. The walls were comprised of titanium
dioxide nanoparticles connected in continuous ribbons
throughout the structure. Either anatase or rutile phase
titanium dioxide could be achieved depending on the
temperature used during calcination. Numerous other
polymer gels have also been used as templates for
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titanium dioxide and zirconium dioxide network fabri-
cation.1%” Changes in polymer pore structure and overall
morphology are mimicked by the metal oxide network.
Porous, high surface area materials (up to 100 m2 g1)
have been achieved for titanium dioxide using this
technique. Catalytic applications as well as catalyst
supports are areas where these highly porous, mono-
lithic structures have potential.

A sequence of coating procedures can also be carried
out in the polymer gel.197 A noncontinuous first layer
can be deposited as single particles on the gel prior to
a second continuous layer, resulting in nanoparticles
enclosed within the second material. Platinum nano-
particles were first formed by reducing hydrogen
hexachloroplatinate(1V) hydrate within the gel. Then,
the titanium alkoxide sol—gel process was carried out,
followed by calcination, resulting in a homogeneous
distribution of platinum particles within the porous
titanium dioxide network.

8. Summary and Outlook

Nanocoating techniques lead to the synthesis of novel
functional materials with properties that depend on the
combination of components employed in the fabrication
process. Materials with specific applications can be de-
signed by careful choice of the components and template
morphology. Catalysis, electronics, biomaterials engi-
neering, and materials chemistry are areas that will
benefit from designed materials with specific functional-
ity, and controlled arrangement or organization of the
pore structures and particles, and their size.

Inorganic particles with dimensions ranging from
nanometers to micrometers have been successfully
coated using sol—gel processes. In the majority of cases
the coatings are applied to enhance the properties of
either the core or the coated material. Organic spherical
templates have been coated with various inorganic
layers, resulting in monodisperse particles with inor-
ganic surface functionality but lower density than a
complete inorganic particle. The ability to remove the
inner core affords hollow inorganic materials with a
range of applications.

Nanocoating has also been applied to elongated
templates, such as crystals and fibers. The examples
discussed in this review have shown that crystals can
be coated to form composite materials and hollow
structures with inner dimensions dependent on the
crystal morphology. It has also been demonstrated that
crystal coating is an efficient way to load a material,
such as metal, within the tube formed by sol—gel
processing. Coating of fibers leads to thermal stabiliza-
tion of inorganic materials as well as the formation of
hollow fiber materials when organic fibers are used as
templates. Tubes also result from the coating of carbon
nanotubes.

Lipids and macroporous demineralized cuttlebone are
examples of biomaterials that can be coated, hence
showing the importance of biological templatable ma-
terials for directing structured inorganic materials to
form interesting fibers and complex three-dimensional
networks. The coating of such bicontinuous networks
has also been achieved by using polymer templates of
both monolithic and thin film form. These highly porous
materials are expected to perform well in mass-transfer



Reviews

applications. The simplicity of such complex structure
formation in itself makes it an attractive process.

One of the main challenges in coating nanostructured
templates is to achieve a homogeneous layer of the
inorganic material without the formation of free (excess)
inorganic particles in solution. Therefore, considerable
effort goes into controlling the adhesion of the inorganic
coating via the reaction conditions, thereby optimizing
the coating quality while preventing disruption or
aggregation of the template, and preventing the pres-
ence of noncoating inorganic material.

The majority of the templates used in the coating
procedures have reached a stage where they can be
formed with monodisperse size (colloid particles) or of
consistent morphology (membrane pore structure, for
example); however, crystals and fibers could be further
optimized to form starting materials with uniform
properties. Control of the coating thickness so that it
can be finely tuned is of utmost importance when
applications are to be considered. Hence, reaction condi-
tions need to be carefully monitored and well-docu-
mented to allow reproducible coatings. Ordering of the
initial templates or the coated template, in the form of
aligned rods and fibers, or crystals of coated colloid
particles will allow many of the perceived applications
to reach fruition. Much of this work is already in
progress and in the not too distant future we will see
numerous nanocoated materials achieving exciting re-
sults in different areas of application.
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